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Abstract 61 
 62 
Purpose: To present methods capable of estimating the size and shape of the human eye 63 
lens without resorting to phakometry or magnetic resonance imaging (MRI). 64 
Methods: Previously published biometry and phakometry data of 66 emmetropic eyes of 65 
66 subjects (age range [18, 63] years, spherical equivalent range [-0.75, +0.75] D) 66 
were used to define multiple linear regressions for the radii of curvature and thickness 67 
of the lens, from which the lens refractive index could be derived. MRI biometry was 68 
also available for a subset of 30 subjects, from which regressions could be determined 69 
for the vertex radii of curvature, conic constants, equatorial diameter, volume and 70 
surface area. All regressions were compared with the phakometry and MRI data; the 71 
radii of curvature regressions were also compared with a method proposed by Bennett 72 
and Royston et al. 73 
Results: The regressions were in good agreement with the original measurements. This 74 
was especially the case for the regressions of lens thickness, volume and surface area, 75 
which each had an R2 > 0.6. The regression for the posterior radius of curvature had 76 
an R2 < 0.2, making this regression unreliable. For all other regressions we found 77 
0.25 < R2 < 0.6. The Bennett-Royston method also produced a good estimation of the 78 
radii of curvature, provided its parameters were adjusted appropriately. 79 
Conclusion: The regressions presented in this paper offer a valuable alternative in case 80 
no measured lens biometry values are available. However care must be taken for 81 
possible outliers. 82 
83 
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Introduction 84 
 85 
In order to perform accurate ray tracing inside the human eye, it is important to know 86 
the in vivo size and shape of the eye lens. Although the equivalent power of the lens can 87 
easily be calculated,1 obtaining a reliable estimate of its dimensions is more difficult 88 
because lens biometry, except for lens thickness, requires dedicated equipment that is 89 
only available as experimental devices. 90 
In ray tracing the lens radii of curvature are of particular importance. These are 91 
traditionally determined by either phakometry, i.e. the analysis of the location and 92 
relative sizes of the Purkinje reflections,2,3,4,5 or a Scheimpflug camera corrected for 93 
refractive distortions of the images.6 These techniques give similar results for the anterior 94 
lens radius of curvature and slightly differing results for the posterior radius of 95 
curvature,7 and have been valuable in studies on ocular development,8 accommodation9, 10 96 
and alignment of intraocular lenses (IOLs).11,12,13,14 97 
As there is no commercial device available to determine the lens radii of curvature in a 98 
clinical setting, Royston et al.15 developed a method to estimate them by extending 99 
Bennett’s method for the calculation of lens power.16 This method uses the Gullstrand-100 
Emsley eye model,17 supplemented by ocular refraction, corneal power and intraocular 101 
distances. 102 
Other parameters of interest are the lens equatorial diameter, volume and surface area, 103 
which could be used in cataract surgery for the determination of a suitable IOL haptic 104 
diameter or predicting the amount of postoperative lens epithelial cell proliferation based 105 
on the size of the capsular bag. Although optical methods8 or in vitro examination18,19 106 
may be used to estimate lens volume, non-optical methods such as ultrasound and 107 
magnetic resonance imaging (MRI)20,21,22 are preferred as these are able to image the 108 
peripheral regions of the lens that are covered by the iris. In vitro studies are not suitable 109 
as the lens loses its physiological shape.  110 
This work proposes multiple linear regressions using common biometry parameters to 111 
estimate parameters that are difficult to measure in vivo. For the regressions of the radii 112 
of curvature of spherical lens surface fits, a comparison with the Bennett-Royston method 113 
is made, and all regressions are evaluated for their quality of fit to measured data, both 114 
when lens thickness is known and when it is not known. The latter may be useful in a 115 
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clinical practice that uses a biometry device that does not provide lens thickness (e.g. 116 
Zeiss IOLMaster) or in analysis of historical biometry data. Combined with calculations 117 
of lens power or equivalent refractive index, these methods expand our statistical eye 118 
model23 with a number of lenticular parameters. 119 
 120 
 121 
 122 
Methods 123 
 124 
Subjects 125 
 126 
This work uses previously published biometry and phakometry data24 of 66 eyes of 127 
66 emmetropes (32 male, 34 female; 62 Caucasian, 4 non-Caucasian) with a mean age of 128 
42.4 ± 14.4 years, range [19, 69.3] years, and mean spherical equivalent of 0.01 ± 0.38 D 129 
with range [–0.88, 0.75] D. MRI data25,26,27, containing estimates of the lens size and 130 
shape in the axial (horizontal) plane of the unaccommodated eye, were available for two 131 
Table 1: Parameters 
Parameter Unit Calculation Uncertainty Description 
S D  0.25 Spherical refraction at spectacle back vertex plane 
SCV D S/(1 – 0.014 S) 0.25 Spherical refraction at corneal vertex 
K D  0.25 Corneal power 
ACD mm  0.05 Anterior chamber depth (corneal epithelium to anterior lens) 
T mm  0.05 Lens thickness 
De mm  0.06 Equatorial lens diameter 
L mm  0.05 Axial length 
V mm  0.05 Vitreous depth 
n - 1.336 - Refractive index of aqueous and vitreous humors 
nL - Equation (3) 0.003 Equivalent refractive index of lens 
PL D Equation (1) 0.61 Lens power 
rLa[S] mm  0.18 Anterior lens radius of curvature (spherical fit) 
rLp[S] mm  0.11 Posterior lens radius of curvature (spherical fit) 
rLa[A] mm  0.14 Anterior lens radius of curvature (aspherical fit) 
rLp[A] mm  0.01 Posterior lens radius of curvature (aspherical fit) 
kLa -  0.13 Conic constant of anterior lens surface 
kLp -  0.03 Conic constant of posterior lens surface 
c1T mm 0.571T 0.03 
Distance between anterior lens surface and first principal 
plane of the lens 
c2T mm –0.378T 0.02 
Distance between posterior lens surface and second principal 
plane of the lens 
Surf mm2 Appendix A 1.11 Surface area of lens 
Vol mm3 Appendix A 2.49 Volume of lens 
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subpopulations of 15 young and 15 older subjects (mean ages 22.3 ± 3.4 years and 63.6 ± 132 
3.1 years, respectively). 133 
Subject inclusion criteria were stringent in order to ensure that only healthy eyes were 134 
included. These included corrected visual acuity better than 6/6 on an ETDRS chart, 135 
Pelli-Robson contrast sensitivity higher than 1.65 for subjects under 40 years and higher 136 
than 1.50 for subjects over 40 years, and intraocular pressures below 21 mmHg. 137 
Subjects’ eyes were not dilated nor cyclopleged prior to testing. This might have caused 138 
some degree of accommodation in the younger subjects, resulting in slightly more 139 
myopic refraction, increased lens thickness and decreased anterior chamber depth. 140 
The data collection followed the tenets of the Declaration of Helsinki and received 141 
ethical committee approval from the QUT University Human Research Ethics Committee 142 
and the Prince Charles Hospital Human Research Ethics Committee. All subjects gave 143 
written informed consent prior to participation. 144 
 145 
 146 
Bennett-Royston method for estimating lens power and radii of curvature 147 
 148 
Bennett16 published a method to calculate the lens power PL using ocular refraction and 149 
biometry. Using the parameters defined in Table 1, Bennett’s method can be written as:1 150 
 151 
 
VTc
n
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    (1) 152 
 153 
with n = 1.336 the refractive index of the humors, c1T = 0.571T the distance between the 154 
anterior lens surface and the first lenticular principal plane, and c2T = –0.378T the 155 
distance between the posterior lens surface and the second lenticular principal plane. 156 
These c1 and c2 constants were obtained by optimization as reported in a previous paper.1 157 
Royston et al.15 later expanded Bennett’s method to determine the lens radii of 158 
curvature using: 159 
 160      
     



L1L2Lp
LLLa
/1000
/1000
QPcnncSr
QPnnSr
      (2) 161 
 162 
6 
 
with Q = PLa/ PL the ratio of the power of the anterior lens surface PLa to the lens 163 
equivalent power. Equation (2) provides estimates of a spherical fit to the lens surfaces, 164 
as indicated by the ‘[S]’ in rLa[S] and rLp[S]. This is in contrast with the ‘[A]’ to be used 165 
later with the MRI data to which aspherical surfaces are fitted. 166 
As will be shown in the results section, using nL = 1.416 and Q = 0.380 as used by 167 
Royston et al. gives radii of curvature that are significantly smaller than found using 168 
phakometry. As this would lead to a considerable bias in our comparison, we used the 169 
Bennett-Royston method with customized values nL = 1.431 ± 0.011 and 170 
Q = 0.405 ± 0.031, which were the mean values determined by phakometry for all 66 171 
subjects. This follows the same reasoning as the customized c1 and c2 constants for the 172 
Bennett method mentioned above.1 173 
 174 
 175 
Multiple linear regression modeling of lens parameters 176 
 177 
As lens power is determined by thickness, radii of curvature and equivalent refractive 178 
index, one can make a first order approximation of the radii of curvature by a multiple 179 
linear regression of lens thickness and power. These radii of curvature can then be used to 180 
derive the equivalent refractive index, as is shown in the next section. Using the MRI 181 
data, regressions of the lens radii of curvature, conic constants, equatorial diameter, 182 
volume and surface areas can be derived. The lens surface conic constant k is related to 183 
the surface co-ordinates (x, y) and vertex radius of curvature r by  222 / kxrrxy   184 
and the method to derive lens volume and surface area from the MRI data is described in 185 
Appendix A. All regressions will be evaluated both assuming lens thickness is known and 186 
that it is not known. 187 
Using the uncertainties (or margins of error) on the biometry measurements given in 188 
Table 1, error propagation analysis28 was used to estimate the uncertainty of the 189 
regressions. This involves calculating the partial derivatives of the regression with respect 190 
to each of the included variables, resulting in long and complicated equations that go 191 
beyond the scope of this paper. Hence only the results of the calculations will be given 192 
and the error propagation formulas can be found in an annotated Mathematica notebook 193 
attached to this paper. Note that, as knowledge of the covariance between the uncertainty 194 
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estimates was not available, the covariance terms were discarded from the analysis. As 195 
this may lead to minor underestimation of the uncertainty, uncertainties presented in the 196 
following should be considered as indicative. 197 
 198 
 199 
 200 
Calculating equivalent refractive index of the lens 201 
 202 
Using the radii of curvature and calculated lens power PL, it is possible to derive the 203 
equivalent refractive index of the lens nL from the thick lens formula29 204 
PL = PLa + PLp – 0.001 T PLaPLp/nL, with PLa and PLp the anterior and posterior lens 205 
surface powers. From this the equivalent refractive index can be derived as: 206 
 207 
            
A
ATnSrSrPATnSrSrPATn
n
2
4001.0001.0 22LpLaLLpLaL
L
  (3) 208 
 209 
with A = T – rLa[S] + rLp[S]. The equivalent refractive index may then be found by using 210 
the Bennett power from equation (1) as PL in equation (3). 211 
 212 
 213 
Statistics 214 
 215 
All statistical calculations were performed using Excel 2003 (Microsoft Corp, WA, 216 
USA) and SPSS 12 (SPSS Inc, Chicago, USA). As in this work a large number of 217 
statistical tests will be performed (about 50), a Šidák correction was applied to reduce the 218 
effect of α inflation. Hence a significance level of P < 0.0044 was used to indicate 219 
statistically significant differences in order to assure that the probability of obtain a false 220 
test by chance is less than 20%.As in this work a large number of statistical tests will be 221 
performed (about 50), a Bonferroni correction was applied to reduce the effect of α 222 
inflation. Hence a significance level of P < 0.0044 was used to indicate statistically 223 
significant differences. The multiple linear regressions were optimized using the linear 224 
regression function in SPSS, in which a significance level of P < 0.01 was chosen to 225 
identify significant terms. 226 
 227 
 228 
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Results 229 
 230 
Estimating radii of curvature rLa[S] and rLp[S] 231 
 232 
The radii of curvature determined with phakometry were rLa[S] = +10.38 ± 1.37 mm and 233 
rLp[S] = –6.85 ± 0.86 mm, which are the target values to compare with the other methods 234 
(Table 2). The Bennett-Royston method (as published) gave the significantly lower 235 
values of rLa[S] = +9.73 ± 0.88 mm and rLp[S] = –5.85 ± 0.53 mm (paired t test, P = 0.000 236 
for both parameters). Replacing the original lens refractive index nL and Q in the Bennett-237 
Royston method by mean nL and Q determined from phakometry (nL = 1.431 and 238 
Q = 0.405), the radii of curvature increased to rLa[S] = +10.49 ± 0.95 mm and rLp[S] = –239 
6.94 ± 0.63 mm, which were much closer to phakometry. In the following, the Bennett-240 
Royston radii of curvature will only be reported using these mean nL and Q values. 241 
 242 
As an alternative to the Bennett-Royston method, rLa[S] and rLp[S] can be estimated 243 
using a multiple linear regression of lens thickness T and estimated lens power PL as 244 
follows: 245 
 
 
 



LLp
LLa
126.0696.1675.16
2.07.202.26
PTSr
PTSr
     (4) 246 
 247 
 248 
Table 2: Comparison of methods to determine lens parameters (66 eyes)
 Phakometry T available Bennett-Royston (2) 
T available 
Regression (4) 
T not available 
Regression (4) + (5) 
Lens power PL     
Mean ± SD  (D)  22.87 ± 2.42 22.54 ± 2.01 22.54 ± 2.01 22.55 ± 1.93 
Coeff. of determination R2 (P)  0.605 (0.000) 0.605 (0.000) 0.574 (0.000) 
95% CI of difference  [–2.72, +3.37] [–2.72, +3.37] [–2.83, +3.48] 
Anterior radius of curvature rLa[S]     
Mean ± SD  (mm) 10.38 ± 1.37 10.49 ± 0.95 10.40 ± 1.20 10.36 ± 1.01 
Coeff. of determination R2 (P)  0.099 (0.010) 0.527 (0.000) 0.541(0.000) 
95% CI of difference  [–2.92, +2.69] [–1.96, +1.90] [–1.85, +1.87] 
Posterior radius of curvature rLp[S]     
Mean ± SD  (mm) –6.85 ± 0.86 –6.94 ± 0.63 –6.86 ± 0.76 –6.83 ± 0.64 
Coeff. of determination R2 (P)  0.096 (0.011) 0.134 (0.002) 0.109 (0.015) 
95% CI of difference  [–1.70, +1.88] [–1.83,+ 1.83] [–1.80, +1.76]
Thickness T     
Mean ± SD  (mm) 4.11 ± 0.41 4.11 ± 0.41 4.11 ± 0.41 4.13 ± 0.36 
Coeff. of determination R2 (P)    0.751 (0.000) 
95% CI of difference    [–0.43, +0.40] 
Refractive index nL     
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Mean ± SD 1.431 ± 0.011 1.431 ± 0.000 1.430 ± 0.011 1.430 ± 0.011 
Coeff. of determination R2 (P)  0.011 (0.402) 0.244 (0.000) 0.231 (0.000) 
95% CI of difference  [–0.022, +0.022] [–0.021, +0.022] [–0.021, +0.023] 
SD: standard deviation; Coeff. of determination: R2 correlation with phakometry; 249 
CI: confidence interval 250 
with coefficients of determination R2 = 0.527 (P = 0.000) and 0.134 (P = 0.002), 251 
respectively, and uncertainties of ±0.18 mm and ±0.11 mm, respectively. 252 
The third and fourth columns of Table 2 compares the radii of curvature obtained from 253 
phakometry with those determined from the Bennett-Royston method with adjusted 254 
parameters and from regression (4). The radii of curvature calculated with the Bennett-255 
Royston method did not differ significantly from phakometry (paired t test: P = 0.516 256 
and 257 
0.427 for the anterior and posterior radii, respectively) and the same was found for the 258 
radii of curvature given by regression (4) (P = 0.807 and 0.979, respectively). The R2 259 
correlations between the Bennett-Royston and phakometry methods were low and not 260 
statistically significant for both rLa[S] and rLp[S]. The R2 correlation of the regression (4) 261 
was high for rLa[S], but low for rLp[S]. 262 
 263 
Figure 1: Bland-Altman plots showing differences between biometric parameters determined by 264 
phakometry and calculated using the Bennett-Royston method, regression equation (4) and 265 
10 
 
regression (5) for (a) lens anterior radius of curvature rLa[S], (b) the lens posterior radius of 266 
curvature rLp[S], (c) lens thickness T, and (d) lens refractive index nL. 267 
 268 
Figures 1a and 1b show the differences between radii of curvature obtained with the 269 
Bennett-Royston method and phakometry, which had 95% confidence intervals of [–270 
2.92, +2.69] mm and [–1.70, + 1.88] mm for the anterior and posterior lens surfaces, 271 
respectively. The confidence intervals for differences between regression (4) and 272 
phakometry were similar for the anterior surface and posterior surfaces ([–273 
1.96, +1.90] mm and [–1.83, +1.83] mm), respectively. 274 
 275 
 276 
Estimating lens thickness 277 
 278 
If no measurement for lens thickness T is available, it can be approximated by a 279 
regression of subject age (in years) and anterior chamber depth ACD: 280 
 281 
 ACDAgeT 444.0019.0845.4          (5) 282 
 283 
with R2 = 0.751 (P = 0.000) and an uncertainty of ±0.05 mm. The coefficient of 284 
determination R2 between the measured thickness and equation (5) was high (Table 2) 285 
and the 95% confidence interval of the difference with measured lens thickness was [-286 
0.43,+0.40] mm (Figure 1c). 287 
Using regression (5) and vitreous depth V = L – ACD – T in conjunction with Bennett’s 288 
equation (1) gives a mean lens power of PL = 22.55 ± 1.93 D, which is not significantly 289 
different from the phakometry lens power of 22.87 ± 2.42 D (paired t test, P = 0.927; 290 
Table 2). The R2 between the lens powers calculated for regression (5) and phakometry 291 
was high (0.574) and the 95% confidence interval for the differences between them was 292 
[–2.83, +3.48] D. 293 
Similarly, the radii of curvature can be estimated using lens thickness regression (5) in 294 
conjunction with regression equations (4). The radii of curvature are not significantly 295 
different from those obtained with phakometry or when measured lens thickness was 296 
used (see Table 2). The R2 correlation with phakometry was not influenced by the use of 297 
regression (5). 298 
 299 
 300 
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Estimating equivalent refractive index of the lens 301 
 302 
The lens refractive index nL calculated using equation (3) for the Bennett-Royston 303 
method and regression (4) (Table 2) did not differ significantly from the phakometry 304 
values (paired t test, respectively P = 0.553 and P = 0.894). The uncertainties on these 305 
calculations were both ±0.003. 306 
The refractive index of the Bennett-Royston method was a constant, resulting in a linear 307 
Bland-Altman plot (Figure 1d), and a 95% confidence interval of [–0.022, +0.022]. 308 
Regression (4) was reasonably correlated with phakometry and their difference had a 309 
95% confidence interval of [–0.021, +0.022] (Figure 1d). 310 
If no measurement for the lens thickness is available, the refractive index may be 311 
calculated using regression (5). This gives results that are not significantly different from 312 
either phakometry or from using equation (3) with a measured lens thickness (Table 2). 313 
 314 
 315 
Estimating radii of curvature and conic constants of aspherical fits to the lens 316 
surfaces, equatorial diameter, volume and surface area 317 
 318 
Using MRI data25,26 from a subpopulation of 30 eyes the radii of curvature and conic 319 
constants can be estimated by the following multiple linear regressions: 320 
 321 
 
 
 







LLp
LLa
LLp
LLa
1.058.052.0
58.061.299.3
27.098.11
62.07.249.18
PTk
PTk
PAr
PTAr
      (6) 322 
 323 
with uncertainties of ±0.14, ±0.01, ±0.13 and ±0.03, respectively. The R2 values and 95% 324 
confidence intervals of the differences with MRI are given in Table 3. Note that as the 325 
MRI subgroup is considerably smaller than the entire group, these R2 values may be more 326 
sensitive to individual variations than the correlations reported in Table 2. 327 
The equatorial diameter of the lens can be estimated using: 328 
 329 
 Le 08.032.039.034.8 PTACDD       (7) 330 
 331 
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for which R2 = 0.402 (Table 3) and with an uncertainty ±0.06 mm. The difference with 332 
the MRI data had a 95% confidence interval of [–0.50, +0.51] mm. 333 
Lens volume and surface area were determined from MRI biometry using the method 334 
described in Appendix A. These may be given by: 335 
  336 
 




LTSurf
LTVol
76.872.1726.106
27.1067.4871.271
      (8) 337 
 338 
The R2 values were 0.876 and 0.669 for the lens volume and surface area, respectively, 339 
(Table 3) and the uncertainties were 2.49 mm3 and 1.11 mm2. The 95% confidence 340 
intervals of the differences between regression (8) and MRI were [-21.34, 22.32] mm3 for 341 
the volume and [-15.6, 15.6] mm2 for the surface area. 342 
If lens thickness T is not known, regressions (6), (7) and (8) can be used with the lens 343 
thickness regression (5) used to obtain T. This did not affect statistical significance 344 
(Table 3). 345 
 346 
 347 
Table 3: Comparison of MRI data and regressions (6), (7) and (8) (30 eyes) 
 Regression 
using measured T 
Regression 
using equation (5) 
Anterior radius of curvature rLa[A]   
Coeff. of determination R2 (P) 0.610 (0.000) 0.494 0.000) 
95% CI of difference* [–2.83, +3.07] [–3.19, +3.48] 
Posterior radius of curvature rLp[A]   
Coeff. of determination R2 (P) 0.367 (0.000) 0.367 0.000) 
95% CI of difference* [–1.45, +1.43] [–1.45, +1.43] 
Anterior lens conic constant kLa   
Coeff. of determination R2 (P) 0.335 (0.000) 0.267 (0.000) 
95% CI of difference* [–5.25, +5.29] [–5.52, +5.61] 
Posterior lens conic constant kLp   
Coeff. of determination R2 (P) 0.304 (0.002) 0.358 (0.000) 
95% CI of difference* [–1.19, +1.17] [–1.15, +1.12] 
Equatorial diameter De   
Coeff. of determination R2 (P) 0.402 (0.000) 0.403 (0.000) 
95% CI of difference* [–0.50, +0.51] [–0.50, +0.51] 
Lens volume Vol   
Coeff. of determination R2 (P) 0.876 (0.000) 0.806 (0.000) 
95% CI of difference* [–21.3, +22.3] [–26.1, +26.3] 
Lens surface area Surf    
Coeff. of determination R2 (P) 0.669 (0.000) 0.632 (0.000) 
95% CI of difference [–15.6, +15.6] [–16.2, +16.5] 
SD: standard deviation; Coeff. of determination: R2 correlation with MRI; CI: confidence interval 348 
13 
 
*MRI data used as a reference 349 
 350 
 351 
Discussion  352 
 353 
Using previously published phakometry and MRI data, we obtained estimates of 354 
crystalline lens parameters that are difficult to measure in vivo, using multiple linear 355 
regressions from parameters easily determined in clinical practice. Most regressions were 356 
in good agreement with the original measurements (Tables 2 and 3), with the regressions 357 
for thickness, volume and surface area of the lens having R2 values above 0.6 (i.e. 358 
explaining more than 60% of the variance). Therefore, these may be used confidently if 359 
no measurements are available. The regressions of rLa[S], rLa[A], rLp[A], kLa, kLp and De 360 
had R2 values between 0.25 and 0.6 (explaining about 25-60% of the variance), meaning 361 
that these regressions may be cautiously used instead of measured values, bearing in 362 
mind that there may be outliers. 363 
The R2 value for the posterior radius of curvature in the spherical fit rLp[S] was below 364 
0.2, thus making this particular regression unreliable when used in wavefront calculations 365 
as it may incorrect estimates of the lenticular aberrations. This may be due to the 366 
calculations involved in phakometry, which assume a constant (equivalent) refractive 367 
index for the lens and do not take the gradient index into account. As the fourth Purkinje 368 
reflection (associated with the posterior surface of the lens) has to pass this gradient index 369 
twice, this may introduce an error in the calculation, as it has been recently shown30 that 370 
spherical aberrations differ when they are calculated using a gradient index lens or using 371 
an equivalent refractive index. Another reason may be the uncertainty in determining the 372 
locations of the dim fourth Purkinje reflection, used in phakometry to estimate the 373 
posterior lens curvature. The estimates obtained using MRI were more accurate, as 374 
reflected by the better R2 values. Furthermore there was a difference in age dependency 375 
of both lens radii, with rLa[S] decreasing significantly with age and almost no systematic 376 
variation in rLp[S].24 Since regression (4) uses age-dependent variables T and PL, and a 377 
wide range of ages was considered, this particular model may not be able to predict the 378 
variation in rLp[S] adequately. Therefore a single mean value for posterior lens curvature 379 
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(i.e. -6.85 mm) may be sufficient for most purposes, keeping in mind that wavefront 380 
calculations performed using this value may not always reliably represent the 381 
physiological reality.  382 
Provided the customized nL and Q values are used, the Bennett-Royston method 383 
produced similar radii of curvature (rLa[S], rLp[S]) as phakometry, but the coefficients of 384 
determination R2 between them were low at 0.099 and 0.096, respectively. For rLa[S], 385 
regression (4) produced a much higher R2 with phakometry (0.527) than did the Bennett-386 
Royston method and the 95% confidence interval of the differences with phakometry was 387 
much smaller for the former. For rLp[S], the differences in R2 and size of the confidence 388 
interval were less pronounced. Note that the uncertainty for the Bennett-Royston method 389 
is 2.5 times higher than that of the regression (4), making an estimate of both radii of 390 
curvature using the former method less reliable. 391 
In the MRI subgroup the radii of curvature of the spherical fit to the lens surfaces 392 
(rLa[S] = +10.77 ± 1.03 mm and rLp[S] = –6.99 ± 1.03 mm) were different from those of 393 
the aspherical fit (rLa[A] = +11.84 ± 2.40 mm and rLp[A] = –5.87 ± 0.89 mm). This can be 394 
attributed to the differences in techniques and the attempt in MRI analysis to give a more 395 
sophisticated fit than simply obtaining a best-fit radius of curvature to a proportion of 396 
each surface. Note that the anterior lens radius of curvature rLa[A] could not always be 397 
determined reliably for the entire horizontal meridian due to contact between the lens and 398 
the iris.25,26,27 399 
As there may be circumstances in which the lens thickness of an eye is not known, such 400 
as in the analysis of historical or incomplete data or in a clinical practice that uses a 401 
biometry device that does not record lens thickness (e.g. Zeiss IOLMaster), the lens 402 
thickness regression (5) was introduced. It incorporates the thickness increase with age, 403 
and the resulting decrease in anterior chamber depth. The last column in Tables 2 and 3 404 
shows that, when the lens thickness regression is used in conjunction with Bennett lens 405 
power (1), lens refractive index (3), or regressions (4), (6), (7) and (8), similar results 406 
were found as when the measured lens thickness was used. Using this regression in such 407 
a manner will slightly increase uncertainty. 408 
Once power, radii of curvature and thickness of the lens are available, equation (3) can 409 
be used to calculate an equivalent refractive index nL that does not include the refractive 410 
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index gradient of the natural lens. For regression (4) this yielded refractive indices that 411 
were not significantly different from the phakometric refractive index, while the Bennett-412 
Royston method gave an unrealistic constant refractive index. This constant value is a 413 
result of using the thick lens approach in the Bennett-Royston method in combination 414 
with equation (3), which is the thick lens formula solved for nL. The Bennett-Royston 415 
method is therefore unsuitable for studies of the lens refractive index. Using the 416 
approximated lens shape, through equations (6) and (7), its equivalent refractive index (3) 417 
and the subject age, it is possible to make an estimate of the gradient index distribution 418 
using the formulas recently published by Navarro et al.31,32 or de Castro et al.30 However 419 
we would not recommend this as each consecutive model (combination of 4 regressions 420 
followed by the GRIN model) would add uncertainty to the results.  421 
Some of the proposed regressions, such as the lens equatorial diameter, volume and 422 
surface area, may have applications in cataract surgery. A priori knowledge of the lens 423 
diameter could help cataract surgeons in choosing the right haptic size of an IOL. 424 
Similarly lens volume and surface area, corresponding with the size of the capsular bag, 425 
may play a role in the capsular healing process after IOL implantation. Adapting the 426 
choice of IOL and surgical procedure to the dimensions of the natural lens could 427 
potentially reduce postoperative complications. Lens volume could also play a role in 428 
optimizing the phako-ersatz technique,33 in which the capsular bag of a cataractous lens is 429 
emptied and subsequently filled with a clear gel in an attempt to preserve or restore 430 
accommodation. Until now this technique has not been very successful, amongst other 431 
reasons, due to insufficient knowledge of the lens volume, resulting in an under- or 432 
overfilling of the capsular bag.  433 
As the regressions for lens volume and surface area use common biometry parameters 434 
and the estimates were highly correlated with the original MRI data, these parameters can 435 
be easily and reliably used in a clinical practice (e.g. by incorporating the calculation into 436 
a biometry device). These strong correlations may be due to the lens thickness T, which is 437 
used in the calculation of the lens volume and surface area in Appendix A, as well as in 438 
regressions (8). The dimensions of the lens found in this work (Vol = 172.8 ±30.5 mm3 439 
and Surf = 173.7 ± 12.0 mm2) correspond well with the values recently published by 440 
Hermans et al.21 (Vol = 160.1 ± 2.5 mm3 and Surf = 175.5 ± 2.8 mm2). 441 
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A shortcoming of this study is that all subjects were emmetropes, and it is not known 442 
how well these regressions will work in ametropic eyes. Because none of the regressions 443 
include refraction as a parameter and this emmetropic group contained an axial length 444 
range of [21.47, 25.25] mm, we feel confident that the regressions will also work for an 445 
ametropic range of about [-6, +6] D. Another shortcoming is that the MRI subgroup was 446 
divided into a young and an older age group, which might have an influence on the 447 
results as well. 448 
Although the differences between the regressions presented in this work and 449 
phakometry may at times seem large, using the regression estimates in calculations is 450 
more appropriate than using the lens parameters of a mathematical eye model. As eye 451 
models use constant radii and refractive indices to describe individual eyes, they have no 452 
correlation with phakometry or MRI measurements and are unable to account for 453 
variations in biometry and the influence of ageing. The large 95% confidence intervals on 454 
the differences with phakometry given in Tables 2 and 3 may be due to some of the 455 
younger subjects accommodating slightly as cycloplegia was not used. Other factors that 456 
may increase the confidence intervals include compounding of measurement errors and 457 
the errors of the phakometry technique.16,34 458 
 459 
 460 
Appendix A: Surface and volume of a solid of revolution 461 
 462 
Assuming that the lens is rotationally symmetric around its optical axis, its shape can be 463 
approximated by a solid of revolution, as was done previously by Koretz et al.22 This 464 
solid can either be defined exactly using integration or by approximation using a stack of 465 
infinitesimally thin cylinders. For reasons of simplicity we opted to use the latter method. 466 
The surface profile of the lens can be divided into (I) an aspherical anterior section, (II) 467 
a cylindrical mid-section and (III) an aspherical posterior section, each of which is 468 
calculated separately (Figure A1a). Each of the two aspherical Sections I and III are 469 
given by: 470 
 471 
     0L0 2 yykryyx        (A1) 472 
 473 
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which is derived from the general equation for an aspherical surface, with x as the radial 474 
component, y as position along the optical axis, y0 as the offset, rL as the radius of 475 
curvature and k as the conic constant. 476 
The three Sections are separated by cutoff points COI and COIII for the anterior and 477 
posterior aspherical surfaces respectively. These are found by determining the x for 478 
which y = De/2, i.e. the point where the aspherical section is equal to the equatorial semi-479 
diameter of the lens. These cutoff points are given by: 480 
 481 
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 483 
From this the solid of revolution of Section I can be approximated by dividing the 484 
section [0 COI] into N parts with a thickness of δ = COI/N (Figure A1b). Choosing a 485 
large N yields a more accurate approximation. For each of these N parts a corresponding 486 
cone slice with upper diameter 2xn (n = 1,…, N), lower diameter 2xn+1 (n = 1,…, N-1) and 487 
height δ can be defined for which the volume can easily be calculated using the following 488 
equation: 489 
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 491 
By adding up all cylinder volumes the total volume of Section I can be found. The 492 
volume of Section III is found in a similar way and Section II is a cylinder with a 493 
diameter De/2 and height COIII - COI, for which the volume can be found directly. 494 
Adding the volumes of all three Sections, leads to the total lens volume. 495 
For the lens surface area a similar approach is used by calculating the mantle surface 496 
area of the cone slices: 497 
 498 
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Adding all the mantle surfaces of all N cone slices gives the surface area of Sections I 501 
and III. For Section II mantle surface of a cylinder with diameter De/2 and height COIII -502 
 COI is used. Adding the surface areas of all three Sections, leads to the total surface area. 503 
The results obtained by approximations (A3) and (A4) were verified with numerical 504 
integration using Mathematica (Wolfram Research, Champaign, IL), for which we found 505 
differences of 0.1 mm3 and 0.1 mm2 for the lens volume and surface area respectively. 506 
From this we concluded that approximations (A3) and (A4) were adequate for our 507 
purposes. 508 
 509 
 510 
Figure A1: a) Division of the lens profile into the three sections. b) Detail of a) showing 511 
the subdivision into N parts with height δ to approximate the lens profile using a series 512 
of infinitesimally thin cone slices. 513 
 514 
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